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ABSTRACT 

The TRW l o w  c o s t  launch v e h i c l e  (LCLV) s tudy  i s  used 
t o  determine t h e  i n c r e a s e  i n  s t r u c t u r a l  weight a s s o c i a t e d  wi th  
launching a l i f t i n g  body payload ( 1 0 0  K l b s )  i n t o  e a r t h  o r b i t  
i n s t e a d  of a bulbous payload of t h e  same weight.  

Resu l t s  i n d i c a t e  t h a t  low cost launch v e h i c l e s  ( s imi l a r  
t o  t h a t  s tud ied  by TRW) a r e  n o t  adverse ly  a f f e c t e d  by t h e  d i f -  
f e r e n c e  i n  payload conf igura t ions .  The s t r u c t u r a l  weight i n -  
crease i s  about 2 , 7 0 0  l b s ,  imposing a payload pena l ty  of  about 
780 l b s .  A l l  of t h i s  i n c r e a s e  is  confined t o  t h e  forward i n t e r -  
s t a g e  s i n c e  t h e  tankage i s  designed by t h e  high i n t e r n a l  ope ra t ing  
p res su res  a s s o c i a t e d  wi th  pressure-fed propuls ion  systems, no t  
f l i g h t  loads .  

Pressure-fed launch v e h i c l e s  have i n h e r e n t  des ign  
v e r s a t i l i t y  and f l e x i b i l i t y  s ince  they a r e  r e l a t i v e l y  i n s e n s i t i v e  
t o  payload conf igu ra t ions .  Major s t r u c t u r a l  mod i f i ca t ions  a r e  
no t  l i k e l y  t o  accommodate f u t u r e  payloads a s  they  are i d e n t i f i e d .  

Launch v e h i c l e s  us ing  pump-fed propuls ion  systems may 
be adverse ly  a f f e c t e d  by changing payload c o n f i g u r a t i o n s  s i n c e  
a l a r g e r  percentage of t h e  outer  w a l l ,  involv ing  both tankage 
and i n t e r s t a g e s ,  has  t o  be modified. 
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MEMORANDUM FOR F I L E  

1.0 INTRODUCTION 

Low cost t r a n s p o r t a t i o n  has  been i d e n t i f i e d  a s  t h e  
keystone of f u t u r e  l a r g e  s c a l e  space programs (Reference 1).  
Two obvious ways of achieving t h i s  g o a l  e x i s t .  One method i s  
t o  s u b s t a n t i a l l y  reduce t h e  cost of expendable launch v e h i c l e  
s t a g e s .  The o t h e r  i s  t o  recover and reuse  t h e  complete system. 

The f i r s t  approach comprises launch v e h i c l e s  t yp ic -  
a l l y  cha rac t e r i zed  by low performance c a p a b i l i t y  due to :  

a l a c k  of s o p h i s t i c a t i o n  and technology, 

b o i l e r  p l a t e  cons t ruc t ion ,  

a minimum amount of a v i o n i c s ,  

pressure-f  ed engines ,  

minimum tes t  and checkout, 

and i s  r e p r e s e n t a t i v e  of  a launch v e h i c l e  system f o r  which 
engineer ing ref inement  is  secondary t o  product ion  c o s t .  The 
second approach c a p i t a l i z e s  on t h e  a b i l i t y  of t h e  aerospace 
i n d u s t r y  t o  develop and produce h,igh performance equip- 
ment which can be recovered and reused.  The Space S h u t t l e ,  
c u r r e n t l y  under s tudy  by NASA, is  r e p r e s e n t a t i v e  of such a 
system. 

Of t h e  t w o  means fo r  achieving l o w  cost t r anspor t a -  
t i o n ,  t h e  Space S h u t t l e  i s  c u r r e n t l y  favored  by t h e  N a t i o n a l  
Aeronautics and Space Adminis t ra t ion.  However, t h e  pace of 
Space S h u t t l e  development, and the  t echno log ica l  s t a t e  of t h e  
a r t  may argue f o r  a t h i r d  or t r a n s i t i o n a l  approach t h a t  allows 
p a r t i a l  recovery of space s y s t e m s .  Such a system might be 
comprised of a recoverable/reusable  l i f t i n g  body payload and an 
expendable l o w  cost launch veh ic l e  (LCLV). This  memorandum 
deals wi th  t h e  f e a s i b i l i t y  of such a conf igu ra t ion .  

An expendable l o w  c o s t  launch v e h i c l e  has been 
s t u d i e d  by TRW (Reference 2 )  b u t  only for t h e  case of a 
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bulbous payload (similar in shape to the Apollo spacecraft), 
not a lifting body. The feasibility of the transitional 
approach is dependent on what structural LCLV penalties are 
incurred by boosting a lifting body payload instead of a bul- 
bous payload. Using the TRW study as a basis, this memorandum 
gives a preliminary assessment of the relative magnitude of 
the structural penalties involved. Implications for advanced 
program planning are also discussed. 

2.0 STUDY APPROACH 

TRW LCLV interstage weights are scaled to account for 
changes in flight design loads due to launching a lifting body 
payload (100 K lbs) into earth orbit instead of a bulbous pay- 
load of the same weight. Propulsion tankage comprises the re- 
maining structure and is not affected by changes in flight 
loadings because pressure-fed propulsion systems are employed 
in the LCLV as compared to pump-fed systems representative of 
the Saturn V design. Since pressure-fed propulsion systems are 
designed with high internal operating pressures ( 2 5 0  psi to 
440 psi, Reference 3 1 ,  the tank walls are more than adequate to 
withstand flight launch loads (see Appendix A). Moreover, the 
LCLV is rendered more rigid in bending than a pump-fed propul- 
sion vehicle of the same size. 

Flight design loads for both launch vehicle/payload 
configurations are derived by determining the maximum loading 
condition resulting from: 

1. maximum wind and gust induced loads at maximum 
dynamic pressure (max q), and 

2. maximum longitudinal acceleration at first stage 
engine cutoff. 

A general discussion of these loading conditions is presented 
below. The detailed analyses are contained in Appendices B 
and C. 

The first loading condition generally occurs in the 
25,000 foot to 45,000 foot altitude region where high dynamic 
pressure and severe wind environments combine to produce the 
largest loads normal to the vehicle centerline. These normal 
loads induce large vehicle bending moments which, when combined 
with existing axial loads, result in net loads that primarily 
influence the forward portion of the vehicle. This maximum 
wind response condition is one of the most critical flight 
conditions for structural design and is particularly signifi- 
cant in the design of launch vehicles used in combination with 
lifting body payloads. 
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A max q angle  of a t t ack*  ( a )  of 5' occu r r ing  a t  82 
seconds a f t e r  l i f t o f f  and a maximum dynamic p r e s s u r e  (9) of 
689 psf have been assumed f o r  t h i s  s tudy .  An angle  of a t t a c k  
of 5O i s  be l i eved  t o  be reasonable  f o r  a l i f t i n g  body i f  a 
wind-biased t r a j e c t o r y  i s  employed s i m i l a r  i n  n a t u r e  t o  t h a t  
c u r r e n t l y  proposed f o r  Skylab (Reference 4 ) .  However, i f  a 
wind-biased t r a j e c t o r y  i s  n o t  used,  t h e  angle  of a t t a c k  could 
poss ib ly  be a s  high as % l o o  (References 5 and 6 ) .  

The assumed va lue  f o r  maximum dynamic p r e s s u r e  re- 
f l e c t s  a payload c a p a b i l i t y ,  based on inhouse s t u d i e s ,  of 
>lo0 K l b s  i n t o  a 1 0 0  nm o r b i t .  I t  accounts  f o r  both s teady-  
s ta te  and g u s t  wind loadings  and i s  r e p r e s e n t a t i v e  of t h e  
Sa tu rn  V t h ree - s t age  l i qu id -p rope l l an t  launch v e h i c l e  (Reference 5 ) .  
The TRW va lue  of 1050 psf f o r  maximum dynamic p r e s s u r e  (Reference 6 )  
i s  h igher  than  t h e  assumed value of 689 p s f ,  b u t  t h e  corresponding 
payload pad of  33,000 l b s  (Reference 7) i s  ample margin f o r  
t r a j e c t o r y  shaping t o  provide a max q va lue  more amenable t o  
l i f t i n g  body payloads and comparable t o  t h e  Sa turn  V. The Sa turn  V 
max q va lue  i s  a l s o  comparable t o  o t h e r  launch v e h i c l e s  such as 
t h e  Sa tu rn  I B ,  T i t a n  1 1 1 - 2 ,  T i tan  111-5, and t h e  Gemini launch 
v e h i c l e ,  and t h e r e f o r e  r ep resen t s  a more r ea l i s t i c  des ign  va lue  
f o r  t h i s  a n a l y s i s  . An es t imat ion  of t h e  v a r i a t i o n  of p o s s i b l e  
weight p e n a l t i e s  f o r  va lues  of q and a g r e a t e r  than  t h o s e  assumed 
i s  presented  i n  Sec t ion  5.3. 

'L 

The loads  e s t i m a t e  i n  t h i s  a n a l y s i s  i s  based on r i g i d  
body c a l c u l a t i o n s  only.  The e f f e c t s  of 1) s t a t i c  boos te r  de- 
f l e c t i o n  under r i g i d  body loads ,  and 2) e l a s t i c  body dynamic 
response due t o  wind g u s t s  a r e  n o t  included.  The dynamic loading 
cond i t ion  involves  a s e p a r a t e  f l e x i b l e  body a n a l y s i s  comprising 
t h e  equat ions  of motion f o r  veh ic l e  e las t ic  bending as w e l l  a s  
p r o p e l l a n t  s lo sh ing .  The assumption i s  made t h a t  t h e  LCLV i s  
i n h e r e n t l y  so s t i f f  t h a t  r i g i d  body c a l c u l a t i o n s  y i e l d  reasonable  
va lues  f o r  t h e  gene ra l  purpose of t h i s  memorandum. 

Max q loads  a r e  conserva t ive ly  based on t h e  use  of a 
cons t an t  a t t i t u d e  c o n t r o l  l a w .  Changes i n  angular  v e h i c l e  
o r i e n t a t i o n  due t o  d i s t u r b i n g  winds are c o r r e c t e d  by t h r u s t  
v e c t o r  c o n t r o l  of t h e  f i r s t  s t age  engine.  

The second loading condi t ion  (maximum l o n g i t u d i n a l  
a c c e l e r a t i o n )  occurs  j u s t  before  f i r s t  stage engine c u t o f f  and 
produces t h e  l a r g e s t  a x i a l  loads on t h e  most p o r t i o n s  of t h e  
v e h i c l e .  I t  has  a g r e a t  in f luence  on t h e  des ign  of t h e  mid 
and a f t  p o r t i o n s  of t h e  LCLV. Vehicle  weight p r i o r  t o  engine 

*Angle of  a t t a c k  i s  t h e  ang le  between t h e  f l i g h t  p a t h  
of t h e  v e h i c l e  and i t s  c e n t e r l i n e .  
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cu to f f  is  cons iderably  less than a t  i g n i t i o n  due t o  t h e  de- 
p l e t i o n  of f i r s t  s t a g e  p r o p e l l a n t .  
c o n s t a n t  dur ing  engine burn,  a x i a l  a c c e l e r a t i o n  i n c r e a s e s  wi th  
t i m e  and a t t a i n s  a maximum j u s t  be fo re  burnout.  
t h i s  cond i t ion  occur s ,  t h e  v e h i c l e  i s  almost o u t  of t h e  s e n s i b l e  
atmosphere and aerodynamic in f luences  are n e g l i g i b l e .  

Since t h r u s t  i s  e s s e n t i a l l y  

By t h e  t i m e  

The TRW b a s e l i n e  low cost  launch v e h i c l e  (Reference 2 )  
i s  used toge the r  wi th  bulbous and l i f t i n g  body payloads (see 
F igures  1 and 2 ) .  A weight breakdown of t h e  LCLV i s  l i s t e d  i n  
Table 1 (Reference 2 ) .  Both payloads are 1 0 0  K l b s  ( inc lud ing  
t h e  payload/launch v e h i c l e  a d a p t e r ) .  The bulbous payload,  shown 
i n  F igu re  3 ,  i s  configured s imi la r  t o  t h e  Apollo s p a c e c r a f t  wi th  
an a d d i t i o n a l  s e c t i o n  l a r g e  enough t o  hold 5 0  K l b s  of hydrogen 
f u e l .  The l i f t i n g  body conf igu ra t ion ,  shown i n  F igure  4 ,  i s  
r e p r e s e n t a t i v e  of t h e  s t a r c l i p p e r  as s tud ied  by Lockheed 
(Reference 8 ) .  Figure  3 a l s o  d e p i c t s  a t y p i c a l  t r u s s  s t r u c t u r e  
which might be used as an adapter  f o r  t h e  at tachment  of t h e  
l i f t i n g  body payload t o  t h e  LCLV. I n  a d d i t i o n ,  an aerodynamic 
f a i r i n g  w i l l  probably be requi red .  

3 .0  LCLV WITH BULBOUS PAYLOAD 

3 .1  Max q Loads 

F igure  1 d e p i c t s  t h e  LCLV/bulbous payload configura-  
t i o n .  
max L L b G  LuLaL v t t ~ ~ i c l e  weighs about  4.9 M i b s .  'The vehicle 
c e n t e r  of g r a v i t y  and c e n t e r  of p r e s s u r e  are approximately 
c o i n c i d e n t  (157 f t  above t h e  base of t h e  f i r s t - s t a g e  eng ine ) .  
Because of t h i s ,  t h e  v e h i c l e  i s  n e u t r a l l y  s t a b l e  and t h r u s t  
v e c t o r  c o n t r o l  does not  have a f i r s t - o r d e r  e f f e c t  on t h e  bending 
a n a l y s i s .  

The payload and LCLV adapter  weigh 1 0 0  K l b s .  A t  
Ck- CACCrl r*-L.* 

Figure  5 con ta ins  a p l o t  of aerodynamic moments* and 
r e l i e v i n g  i n e r t i a  moments f o r  t h e  t o t a l  launch v e h i c l e  a t  max q .  
The r e s u l t i n g  moment a t  any s t a t i o n  c ros s - sec t ion  i s  equa l  t o  
t h e  d i f f e r e n c e  of t h e  t w o  curves.  Notice  t h a t  bending moments 
are r e l a t i v e l y  l a r g e  a t  t h e  a f t  end of t h e  veh ic l e .  This  i s  
p r i m a r i l y  due t o  t h e  s m a l l  amount of mass contained i n  t h i s  sec- 
t i o n  of t h e  v e h i c l e ;  t h a t  i s ,  t h e  very  l a r g e  b u t  "empty" f i r s t -  
s t a g e  engine and t h e  p a r t i a l l y  dep le t ed  f i r s t - s t a g e  propuls ion  
tankage.  The bending moment a t  t h e  base of t h e  bulbous payload 
i s  about  2 . 1 ~ 1 0 ~  f t  l b s .  

*Computed bending moments involve  t h e  s u b t r a c t i o n  of i n e r -  
t i a  r e l i e f  moments from aerodynamic moments. 
t udes  of t h e s e  moments are very l a r g e  and t h e  d i f f e r e n c e s  sma l l ,  
t h e  accuracy may no t  be adequate f o r  c a l c u l a t i o n s  o t h e r  than  
t h e  e s t i m a t i o n s  contained i n  t h i s  memorandum. 

Since t h e  magni- 
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FIGURE 1 - LCLV CONFIGURATION WITH BULBOUS PAYLOAD 
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TABLE I 

LCLV WEIGHT BREAKDOWN 

ITEM 

TANKS AND SKIRTS 
ENGINES AND VALVES 
LITVC SYSTEM 
PRESSURIZATION SYSTEM 
ROLL 81 ULLAGE CONTROL SYS EM 
INTERSTAGE (ABOVE) 
PROPELLANT 
ASTR I ON I CS 
CONTINGENCY 

I 

STAGE 1 
WEIGHT (LBS) 

480,167 
100,483 

12,475 
18,713 
1,247 

84,884 
6,237,762 

2.099 
73,994 

TOTAL STAGE WEIGHT I 7,011,824 

STAGE 2 
WEIGHT (LBS) 

127,237 
23,655 
3.1 53 
3.1 53 

315 
14,122 

1,576,735 
529 

18,958 

1,767,857 

STAGE 3 
WEIGHT (LBS) 

25,994 
6,132 

646 
646 
193 

323.097 
693 

.. 

__ 
357,401 

NOTE: TOTAL LAUNCH VEHICLE WEIGHT = 9,137,082 LBS 

I 



NOTE: 

WEIGHT = 100,OOO LBS 

FIGURE 3 - BULBOUS PAYLOAD CONFIGURATION 
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FIGURE 5 - AERODYNAMIC AND INERTIA. RELIEF MOMENTS FOR THE LCLV WITH A BULBOUS PAYLOAD AT MAX q 
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Figure  6 con ta ins  a p l o t  of a x i a l  i n e r t i a  and d rag  
loads  fo r  t h e  t o t a l  launch veh ic l e  a t  max q. Notice t h a t  
t h e  r e l a t i v e  e f f e c t  of d rag  loading i s  almost n e g l i g i b l e  a t  
t h e  base  of t h e  v e h i c l e  b u t  i s  s u b s t a n t i a l  a t  t h e  forward end. 

3.2 Maximum Longitudinal  Loads 

F igure  7 c o n t a i n s  a p l o t  of t h e  maximum l o n g i t u d i n a l  
launch v e h i c l e  loading  experienced j u s t  be fo re  f i r s t - s t a g e  
engine c u t o f f .  This  f i g u r e  a p p l i e s  f o r  both t h e  bulbous and 
t h e  l i f t i n g  body launch-vehicle/payload conf igu ra t ions  s i n c e  
both payloads are equal  i n  weight and are o u t  of t h e  s e n s i b l e  
atmosphere. A t  t h i s  p o i n t  i n  t h e  t r a j e c t o r y  t h e  t o t a l  v e h i c l e  
weighs about  3 M l b s .  The f l a t  p o r t i o n s  of t h e  p l o t  correspond 
t o  i n t e r s t a g e s  and t h e  s t e e p  po r t ions  t o  t h e  propuls ion  systems. 
I t  i s  seen t h a t  t h e  f i r s t - s t a g e  tankage loading i s  n o t  a s  s t e e p  
as f o r  t h e  second and t h i r d  s t a g e s .  This  i s  due t o  t h e  dep le t ed  
s ta te  of f i r s t - s t a g e  p rope l l an t  a t  t h i s  p o i n t  i n  t h e  t r a j e c t o r y .  

3.3 LCLV F l i g h t  Design Loads f o r  a Bulbous Payload 

Figure 8 con ta ins  p l o t s  of 1) equ iva len t  a x i a l  running 
loads  ( P  ) f o r  t h e  max q loading condi t ion  and 2) a x i a l  running 

loads  f o r  t h e  maximum long i tud ina l  loading condi t ion .  I t  i s  
seen t h a t  t h e  maximum long i tud ina l  loading  cond i t ion  determines 
t h e  s t r u c t u r a l  f l i g h t  des ign  loads a t  a l l  LCLV s t a t i o n s .  This  

eq 

conclusizn is ix accordar;ze with TRW studies (Referelice 6). 

4 . 0  LCLV W I T H  LIFTING BODY PAYLOAD 

Figure 4 d e p i e t s  the LCLV l i f t i n g  body payload config-  
u r a t i o n .  Weight h i s tor ies  a r e  assumed t h e  same f o r  both t h e  
l i f t i n g  body and bulbous payload cases. 

4 . 1  Max q Loads 

The v e h i c l e  cen te r  of g r a v i t y  (CG) i s  157 f t  above 
t h e  base  of t h e  f i r s t - s t a g e  engine ( t h e  same a s  f o r  t h e  bulbous 
pay load) ,  whereas t h e  v e h i c l e  c e n t e r  of p r e s s u r e  ( C P )  i s  2 0 1  f t  
above t h e  base.  Since t h e  CP i s  forward of t h e  CG, t h e  v e h i c l e  
i s  s t a t i c a l l y  u n s t a b l e  and t h r u s t  vec to r  c o n t r o l  of t h e  f irst-  
s t a g e  engine must compensate fo r  t h e  tendency of t h e  v e h i c l e  
t o  rotate  t o  l a r g e  angles  of a t t a c k  when f l y i n g  through winds. 
Therefore ,  t h r u s t  v e c t o r  bending moments w e r e  included i n  t h i s  
a n a l y s i s .  N o t e  t h a t  i n  t h e  previous s e c t i o n  (3.0) no t h r u s t  
v e c t o r  bending moments w e r e  included i n  t h e  a n a l y s i s  s i n c e  t h e  
bulbous-payload/launch-vehicle conf igu ra t ion  w a s  n e u t r a l l y  s t a b l e .  
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Figures 9 and 10 are plots of vehicle bending moments 
and axial loads similar to Figures 5 and 6. It is seen that 
the bending moment at the payload base for the lifting body is 
3 . 7 ~ 1 0 ~  ft lbs, about a factor of 1.8 greater than that for a 
bulbous payload. Axial loads remained essentially the same. 

4 . 2  Maximum Lonqitudinal Loads 

The maximum longitudinal launch loads experienced by 
the LCLV just before first stage engine cutoff with a lifting 
body payload are the same as for the bulbous payload. 
loading condition is shown in Figure 7 .  

This 

4.3 LCLV Flight Design Loads for a Lifting Body Payload 

Figure 11 contains plots of 1) equivalent axial 
running loads (P ) for the rnax q loading condition and 
2) axial running loads for the maximum longitudinal loading 
condition. It is seen that the maximum longitudinal loading 
condition determines flight design loads for the mid and aft 
portions of the vehicle, whereas the max q loading condition 
determines flight design loads for the forward portion of the 
vehicle above Station 233. 

eq 

Comparing Figure 11with Figure 8 it is seen that 
launching a lifting body payload instead of a bulbous payload 
oniy affects the forward end of the LCLV above Station 233. 
Structural flight design loads remain the same for the mid 
and aft portions of the launch vehicle. 

5.0 STRUCTURAL WEIGHT PENALTIES 

The forward interstage and propulsion tankage for 

The structural weight of the interstage 
Stages 2 and 3 are included in the forward end of the LCLV 
above Station 233. 
must be increased since it is designed by flight launch loads. 
However, the structural weight of the propulsion tankage does 
not change since it is designed by the internal operating 
pressures associated with the pressure fed engines 
Section 2.0) . (see 

5.1 Increase in Structural Weight of Forward Interstage 

Theoretically, structures like interstages should be 
designed so that maximum stresses and buckling loads occur 
simultaneously. 
listed in Table 1 could be scaled directly with the equivalent 
axial running load (P ) .  However, practically speaking, this 
is not the case for the LCLV since other design factors such as 

If this were so, the TRW interstage weight 

eq 
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manufacturing costs, minimum gages,  e tc . ,  must a l s o  be con- 
s i d e r e d .  D r .  Kaplan of TRW (cognizant  of t h e  LCLV s t r u c -  
t u r a l  des ign)  w a s  consul ted  t o  o b t a i n  t h e  a p p r o p r i a t e  s c a l i n g  
l a w  t o  use.  Based on t h e s e  d i scuss ions  and Reference 6 ,  
i n t e r s t a g e  weight ( W i )  v a r i e s  w i th  P 

eq 
as 

6/10 wi 0: P 
eq 

Using Equation (l), Table 1, and Figure  11, t h e  
i n t e r s t a g e  weight f o r  a l i f t i n g  body payload ( W r )  can be esti-  
mated us ing  t h e  s c a l i n g  equat ion 

% Average I n c r e a s e  i n  P 

1 0 0  w z  = wi 

where 

= 1 4 , 1 2 2  lbs, and 'i 
% Average Increase  i n  P = 3 3 . 3 .  

eq 

S u b s t i t u t i n g  t h e s e  va lues  i n t o  Equation ( 2 ) ,  t h e  r e v i s e d  for- 
ware i n t e r s t a g e  weight for a l i f t i n g  body payload i s  W, = 16,780 
ibs . I 

The i n c r e a s e  i n  LCLV s t r u c t u r a l  weight due t o  launching 
a l i f t i n g  body payload i n t o  e a r t h  o r b i t  as compared t o  a bulbous 
payload i s  equa l  t o  t h e  d i f f e r e n c e  i n  forward i n t e r s t a g e  weights ,  
o r  

Inc rease  i n  LCLV 
S t r u c t u r a l  Weight = 2,658 l b s .  

5.2 Payload Penal ty  

The r equ i r ed  inc rease  i n  s t r u c t u r a l  weight of t h e  
forward i n t e r s t a g e  imposes a payload weight pena l ty  f o r  t h e  
th ree - s t age  TRW LCLV. The a n a l y s i s  of t h i s  payload pena l ty  
i s  conta ined  i n  Appendix C. 
of 2,658 l b s  i n  forward i n t e r s t a g e  weight r e f l e c t s  as a pay- 
load pena l ty  of 780 l b s  or 0.78 pe rcen t .  

I t  i s  determined t h a t  an i n c r e a s e  

5.3 S e n s i t i v i t y  of S t r u c t u r a l  Weight P e n a l t i e s  t o  V a r i a t i o n s  
i n  q and a fo r  a L i f t i n g  Body Payload 

Inhause s t u d i e s  have shown t h a t  t h e  payload c a p a b i l i t y  of 
t h e  LCLV i s  ;t 1 0 0  K l b s  a t  a maximum dynamic p res su re  of 689 p s f .  
S t r u c t u r a l  weight p e n a l t i e s  were e s t ima ted  us ing  t h i s  va lue  for  q and an 
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ang le  of a t t a c k  of 5'. I f  t h e  v a l u e s  f o r  q and a are a c t u a l l y  
g r e a t e r  t han  t h e s e  va lues  f o r  t h e  t r a j e c t o r y  cons idered ,  t h e  
a s s o c i a t e d  weight p e n a l t i e s  increase. 

F igures  1 2  and 13 d e p i c t  weight i n c r e a s e s  f o r  va lues  
of q between 689 psf and 1 1 0 0  p s f ,  and va lues  of a between 5' 
and 10'. The upper l i m i t s  f o r  t h e s e  parameters are i n  accord 
wi th  Sec t ion  2.0 of t h i s  memorandum and r e p r e s e n t  worst-case 
p o s s i b i l i t i e s .  That  i s ,  t h e  need f o r  f l y i n g  l i f t i ng -body  miss ions  
w i t h  maximum dynamic p res su res  as g r e a t  as 1100 psf appears  re- 
mote. Furthermore, a requirement t o  wi ths tand  ang le s  of a t t a c k  
as g r e a t  as 10 '  when less than t h i s  can now be achieved i s  a l so  
improbable. The s t r u c t u r a l  c a p a b i l i t y  of t h e  upper i n t e r s t a g e  
needs t o  be increased  for  a l l  t h e  combinations of q and a con- 
sidered. However, above c e r t a i n  v a l u e s  of q and a t h e  l o w e r  
i n t e r s t a g e  weight must a l so  be inc reased ,  and t h i s  i s  t h e  reason  
fo r  t h e  breaks and s l o p e  changes i n  t h e  curves.  The payload 
pena l ty  equat ion  i n  Appendix D w a s  modified t o  r e f l e c t  t h e  in -  
c r e a s i n g  of l o w e r  i n t e r s t a g e  weights.  

I t  i s  seen t h a t  t h e  LCLV s t r u c t u r a l  weight p e n a l t i e s  
could  vary  between 2 ,700  lbs and 35,000 l b s  wi th  a corresponding 
range  of payload p e n a l t i e s  between 780 l b s  and 6 , 2 6 0  l b s .  A l -  
though t h e s e  ranges are ex tens ive ,  they  do n o t  appear t o  be 
s i g n i f i c a n t  when compared t o  a 1 0 0  K l b  payload c a p a b i l i t y .  
Moreover, i f  t r a j e c t o r y  modi f ica t ions  are cons idered ,  it is pos- 
s ib le  t h a t  i n c r e a s e s  i n  a v a i l a b l e  payload c a p a b i l i t y  might o f f s e t  . 
the a . G t l l a l  penlltieE ifiTV7QlTv7e<?. 

6.0  IMPLICATIONS FOR ADVANCED PROGRAM PLANNING 

The block diagram shown i n  F igure  1 4  i l l u s t r a t e s  t h e  
v a r i o u s  conf igu ra t ion  a l t e r n a t i v e s  t h a t  are a v a i l a b l e  when 
cons ide r ing  t h e  use  of expendable launch v e h i c l e s  i n  advanced 
program planning.  Bulbous or  l i f t i n g  body payloads can be 
launched wi th  pressure-fed LCLV'S o r  w i t h  launch v e h i c l e s  em- 
p loying  pump-fed propuls ion  s y s t e m s .  

Pressure-fed LCLV's  o f f e r  i n h e r e n t  des ign  v e r s a t i l i t y  
and f l e x i b i l i t y  t o  t h e  advanced program planner  s i n c e  they are 
r e l a t i v e l y  i n s e n s i t i v e  t o  payload conf igu ra t ions .  L i t t l e  
a d d i t i o n a l  s t r u c t u r a l  weight i s  r equ i r ed  and changes are con- 
f i n e d  p r i m a r i l y  t o  t h e  forward i n t e r s t a g e .  Therefore, major 
s t r u c t u r a l  modi f ica t ions  t o  e x i s t i n g  s t r u c t u r e  are n o t  r equ i r ed  
t o  accommodate payload requirements as they  are i d e n t i f i e d .  
T h i s  characterist ic i s  no tab le  s i n c e  it i s  primary t o  t h e  selec- 
t i o n  of f u t u r e  space systems. 

The same cannot be s a i d  fo r  pump-fed launch v e h i c l e s .  
I n t e r n a l  ope ra t ing  p res su res  f o r  pump-fed propuls ion  systems 
are around 30 p s i  t o  40 p s i  as compared t o  250 P s i  t o  4 4 0  P s i  f o r  
the  TRW LCLV. Therefore ,  the  tankage ou te rwa l l  s t r u c t u r e  of 
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these vehicles (Saturn V ,  Agena, Atlas, etc.) is designed by 
flight loads, not by propulsion system pressures. It has 
been shown that flight loads are a function of the payload 
and launch vehicle configurations. Moreover, since pump-fed 
vehicles are inherently more flexible, they are subject to 
additional quasi-static and dynamic loads that pressure-fed 
vehicles are not subject to. Consequently, launch vehicles 
using pump-fed propulsion systems may be adversely affected 
by payload configuration requirements since a larger percentage 
of the outer wall, involving propulsion tankage as well as 
interstages, has to be modified. 

The gross weight and size of a three-stage pump-fed 
launch vehicle required to place a 100 K lb payload into 
earth orbit differs substantially from that representative of 
the LCLV studied in this memorandum. Therefore, this analysis 
cannot be directly applied to determine corresponding weight 
penalties for comparison. 
establish these penalties and is not included herein. 

A separate study is required to 

7.0 CONCLUSIONS 

. Pressure-fed launch vehicles tend to be insensitive 
to varying payload configurations. 
modifications are not required. 

Major structural 

. The LCLV structural weight must increase by about 
2,700 lbs to launch a 100 K lbs lifting body payload 
into earth orbit instead of a bulbous payload of the 
same weight. 
780  lbs. 

The associated payload penalty is about 

. All of this weight penalty is confined to the forward 
interstage (between the second and third propulsion 
stages) since the tankage is designed by the high 
internal operating pressures associated with pressure- 
fed propulsion systems, not flight loads. 

W. H. Eilertson 

1012-CEH-pak WHE 
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APPENDIX - A 

CAPABILITY OF TANK WALLS TO WITHSTAND 
FLIGHT LAUNCH LOADS 

LCLV pressure-fed propuls ion tankage are more than  
adequate t o  wi ths tand  f l i g h t  launch loadings  s i n c e  they  are 
designed t o  high i n t e r n a l  opera t ing  p r e s s u r e s  (250  p s i  t o  
440  p s i )  as compared t o  opera t ing  p r e s s u r e s  f o r  pump-fed 
systems (30 p s i  t o  40 p s i ) .  A very  h igh  t e n s i o n  s ta te  of 
p r e s t r e s s  e x i s t s  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  which o b v i a t e s  
buckl ing f a i l u r e .  Also, s ince  t h e  l o n g i t u d i n a l  stress is one 
h a l f  t h e  des ign  hoop t e n s i l e  stress, a large s t r e n g t h  reserve 
e x i s t s  t o  account f o r  vehicle-bending t e n s i l e  stresses a t  max q. 

Table A-1  compares t h e  maximum expected f l i g h t  launch 
loads a t  f i r s t  s t a g e  engine cu tof f  and a t  rnax q w i t h  l o n g i t u d i n a l  
tankage loading  condi t ions  due t o  i n t e r n a l  p re s su re .  I t  i s  seen 
t h a t  t h e  p r e s t r e s s e d  t ens ion  s ta te  of t h e  c y l i n d r i c a l  t ank  w a l l s  
i s  on t h e  order of an order-of-magnitude h igher  t han  f l i g h t  com- 
p r e s s i o n  loads  a t  e i t h e r  f i r s t  s t a g e  engine cu to f f  or max q, there- 
by negat ing  tankage f a i l u r e  due t o  buckl ing.  A l s o ,  it i s  seen t h a t  
f l i g h t  t e n s i l e  loadings  a t  max q due t o  boos te r  bending are 
n e g l i g a b l e  when compared t o  t h e  a d d i t i o n a l  t e n s i l e  c a p a b i l i t y  
a v a i l a b l e .  
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APPENDIX B 

1 . 0  

ANALYSIS OF MAXIMUM WIND AND GUST INDUCED LOADS 

R I G I D  BODY LOADS 

The r i g i d  body loads induced a t  max-q comprise bend- 
i n g  moments, shears, a x i a l  loads ,  and t h e  associated load 
factors. I n  o rde r  t o  c a l c u l a t e  these q u a n t i t i e s ,  t h e  equat ions  
of motion must be determined and c e r t a i n  d e f i n i t i o n s  e s t a b l i s h e d .  
I n  t h i s  a n a l y s i s ,  it i s  assumed tha t  the v e h i c l e  main ta ins  con- 
s t a n t  a t t i t u d e  during max q wind loading,  r e q u i r i n g  r o t a t i o n  of 
the  t h r u s t  v e c t o r  t o  prevent  vehicle r o t a t i o n . *  

1.1 Equations of Motion 

A free body diagram of t h e  t o t a l  launch v e h i c l e  i n  
f l i g h t  a t  max q i s  shown i n  F igure  B.1. 
as w e l l  as the s i g n  convention employed i s  ind ica t ed .  
t e m  u t i l i z e s  a three degree of freedom coord ina te  system f o r  
s i m p l i c i t y ;  t h e  three degrees being t w o  t r a n s l a t o r y  and one 
r o t a t i o n a l .  The p o s i t i v e  s ign  convention i s  shown f o r  t h e  e x t e r -  
n a l  forces and t h e  i n t e r n a l  loading.  

The coord ina te  system 
This sys-  

T h e  nomenclature used i n  t h i s  a n a l y s i s  i s  p resen ted  
below: 

Symbol Descr ipt ion Uni t s  

r (XI Dis tance f r o m  missile center of g r a v i t y  i n  
t o  s t a t i o n  x 

6 Thrust  v e c t o r  angle Degrees 

0 Angle between m i s s i l e  l o n g i t u d i n a l  
c e n t e r l i n e  and ho r i zon ta l  a x i s  of 
i n e r t i a  

Degrees 

Angle between v e r t i c a l  a x i s  of i n e r t i a  Degrees 
r e fe rence  and rad ius  vector t o  m i s s i l e  
c e n t e r  of g r a v i t y  from o r i g i n  of 
i n e r t i a l  reference 

*LCLV t h r u s t  v e c t o r  con t ro l  i s  accomplished by means of 
l i q u i d  i n j e c t i o n  so t h a t  a c t u a l  gimbal l ing of t h e  f i r s t  s t a g e  
engine i s  n o t  requi red .  
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Symbol 
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90 

m 

W 

I 

A 

A ( X I  
N 

N ( X )  

T 

FxJFy 

MT 
n 

n 
X 

Y 
Any ( X I  

P 

Descr ip t ion  

Distance from c e n t e r  o f  p r e s s u r e  t o  Center 
of g r a v i t y  

Dis tance  from engine gimbal s t a t i o n  t o  c e n t e r  
of g r a v i t y  

Longi tudina l  a c c e l e r a t i o n  of t h e  center of 
g r a v i t y  

Normal a c c e l e r a t i o n  of t h e  c e n t e r  of g r a v i t y  

Local a c c e l e r a t i o n  due t o  g r a v i t y  

Acce lera t ion  due t o  g r a v i t y  a t  e a r t h ' s  s u r f a c e  

Mass of v e h i c l e  

Vehicle  weight 

Mass moment of i n e r t i a  =E m(x) r ( X )  

Tota l  aerodynamic drag 

2 R 

0 

Local drag 

T o t a l  aerodynamic normal force 

Local normal force 

Engine t h r u s t  

Forces a c t i n g  on t h e  v e h i c l e  i n  t h e  x and y 
d i r e c t i o n  r e s p e c t i v e l y  

Externa l  r o t a t i o n a l  moment 

Axial load  factor 

Normal load f a c t o r  

Component of normal load factor  due t o  
r o l a t i o n  

Axial load 

Uni t s  

i n  

i n  

2 i n / s e c  

2 

2 

2 

2 

i n / sec  

i n / s e c  

in / sec  

lb-sec / i n  

l b s  
2 lb - in / sec  

l b s  

l b s / i n  

l b s  

l b s / i n  

l b s  

lbs 

i n - l b s  

l b s  
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Svmbol 

B - 3  

Descr ip t ion  

V Shear 

M Bending moment 

Uni t s  

l b s  

i n - lbs  

Referr ing t o  Figure B-1, t h e  equat ions  o f  motion f o r  
each degree of freedom may be w r i t t e n  by applying Newton's 
Second Law as 

.. 
IFx = T cos6 - A - mg s i n ( e + @ )  = mx , (B- 1 1 

CF = T s i n 6  + N - mg  COS(^+@) = my , and (B-2 1 Y 
.. 

EMT = N L - T s i n 6  LE = Io (B-3 1 CP 

Load f a c t o r s  may be def ined  as t h e  sum of t h e  e x t e r n a l  f o r c e s  
a c t i n g  o n t h e  body d iv ided  by t h e  weight of t h e  body o r  

CFx ( e x t e r n a l )  

W 
, and - 

"x - 

CF ( e x t e r n a l )  
n =  

Y W 

(B-4 1 

If t h e  body is  angu la r ly  a c c e l e r a t i n g ,  t h e r e  is  an 
a d d i t i o n a l  component of load factor i n  t h e  y d i r e c t i o n  which may 
be w r i t t e n  as 

r ( x )  . Any(x) = - CMT 
Ig0  

Noting t h a t  weight is  the measure of the f o r c e  on a 

m a s s  a t  t h e  e a r t h ' s  s u r f a c e ,  m = - w ,  w e  may s u b s t i t u t e  Equations 

(El) ,  (B-2) and ( B - 3 )  i n t o  (B-4 ) ,  (B-5) and (B-6) as 
90 



~~ 

BELLCOMM, INC. B - 4  

- 
"x - 

n =  
Y 

Any(x) = 

.. 
+ = + cos(0+@) , and 

go g0 w 

.. 
(B-9) 0 - T s i n 6  Le 

r ( x )  = - 
I90 g0 

Ei ther  p a r t  of these equat ions may be used i n  t h e  de te rmina t ion  
of load  factor.  Since i t  i s  more convenient  t o  work w i t h  f o r c e  
along t h e  v e h i c l e  a x i s  and w i t h  angular  a c c e l e r a t i o n s  i n s t e a d  of 
a x i a l  and normal accelerations, e x t e r n a l  moments, and space 
ang le s ,  the fol lowing l o n g i t u d i n a l  and normal load  f a c t o r  d e f i -  
n i t i o n s  are g e n e r a l l y  used 

- T cos6 - A , and "x - W 

However, s i n c e  a cons t an t  a t t i t u d e  c o n t r o l  l a w  is employed i n  
t h i s  memorandum, t h e  angular  a c c e l e r a t i o n  t e r m  i n  B-11 drops o u t  
and the equat ion  f o r  t h e  normal load  f a c t o r  becomes 

T s in6  + N 
W ny (XI = 

2.0 WEIGHT DISTRIBUTION/NORMAL AND AXIAL FORCE COEFFICIENTS 

The de termina t ion  of f l i g h t  bending moments, s h e a r s ,  
and a x i a l  loads  r e q u i r e s  a knowledge of s t r u c t u r e  weights ,  
p r o p e l l a n t  weights ,  and the  d i s t r i b u t i o n  of concent ra ted  loads 
as w e l l  as airloads a t  max q. 

Refer r ing  t o  Figures  1 and 2 i n  t h e  memorandum which 
d e p i c t  the low cost launch vehicle/bulbous and l i f t i n g  body pay- 
load  conf igu ra t ions ,  t h e  corresponding weight d i s t r i b u t i o n s  of 
t h e  va r ious  components as used i n  t h i s  a n a l y s i s  are shown i n  
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Tables  B-1 and B-2. Components, weights ,  and s t a t i o n  l o c a t i o n s  
are l i s t e d  f o r  the max q loading cond i t ion  (82 seconds a f t e r  
l i f t o f f  1 . 
2 . 1  N o r m a l  and Axial  Force C o e f f i c i e n t s  

The normal f o r c e  d i s t r i b u t i o n  on t h e  v e h i c l e  a t  max q 
i s  a func t ion  of a i r f rame geometry, angle  of a t t a c k  and Mach 
number. The r e s u l t a n t  normal f o r c e  and i t s  l o c a t i o n  produces 
t h e  aerodynamic moment which r e q u i r e s  t h e  t h r u s t  vector of t h e  
engine t o  rotate  i n  compensating f o r  a t t i t u d e  d e v i a t i o n s .  

The a x i a l  f o r c e  d i s t r i b u t i o n  depends only on geometry 

They 

and Mach number f o r  a l i m i t e d  range of angle  of a t t a c k  
zero degrees ) .  
(1) p r e s s u r e  and s k i n  func t ion  drag; and, ( 2 )  base  drag.  

b o t h  add d i r e c t l y  t o  the s t r u c t u r a l  a x i a l  l oads  on t h e  veh ic l e .  

(near  
The a x i a l  f o r c e  can be sepa ra t ed  i n t o  t w o  p a r t s :  

F igures  E+2 and B 3  d e p i c t  t h e  l o c a l  normal and a x i a l  
f o r c e  c o e f f i c i e n t  d i s t r i b u t i o n  (ACN, ACA) f o r  t h e  bulbous and 
l i f t i n g  body payload conf igu ra t ions  wi th  which t h e  e x t e r n a l  
aerodynamic loading can be def ined.  
spond t o  an angle  of a t t a c k  of 5 degrees .  T h e  t o t a l  a x i a l  f o r c e  
c o e f f i c i e n t s  as w e l l  a s  t h e  t o t a l  normal f o r c e  c o e f f i c i e n t s  and 
t h e i r  c e n t e r s  of p r e s s u r e  a r e  cited f o r  t h e s e  conf igu ra t ions .  
These c o e f f i c i e n t s  were der ived from d a t a  l i s t e d  i n  References 5 
and 9 .  Using these c o e f f i c i e n t s ,  local  normal and a x i a l  aero- 
dynamic f o r c e s  can be determined as 

These c o e f f i c i e n t s  corre- 

AA = ACA qS I ( B-14 ) 

where S is  a r e fe rence  c ros s - sec t ion  area equal  to  1260 f t  2 
( f i r s t  s t a g e  diameter  = 40 f t I I  and q i s  t h e  maximum aerodynamic 
p r e s s u r e  ( inc luding  g u s t s )  a t  max q (equal  t o  689 p s f ) .  The 
t o t a l  normal and axial  aerodynamic loadings  are correspondingly 

N = CN qS , and (B-15) 

A = CA qS . (B-16) 



TABLE B-1 

WEIGHT DISTRIBUTION FOR LCLV BULBOUS PAYLOAD CONFIGURATION AT MAX q 

~ 

COMPONENTS 

LAUNCH ESCAPE SYSTEM 
COMMAND MODULE 
STRUCTURE 
PROPELLANT 
SERVICE MODULE/LUNAR MODULE ADAPTER 
PROPELLANT 
SHELL 

ASTR ION I CS 
0x1 D I ZE R 
TANKS & SKIRTS, PRESS. SYS, ROLL & ULLAGE 

FUEL 
LITVC 
ENGINES & VALVES 
I NTERSTAG E 

CONTROL 

ASTR ION ICs 
OXIDIZER 
TANKS & SKIRTS, PRESS. SYS, ROLL & ULLAGE 

CONTINGENCY 
FUEL 
L I TVC 
ENGINES & VALVES 
I NTE RSTAGE 

CONTROL 

ASTR ION I CS 
TANKS & SKIRTS, PRESS. SYS, ROLL & ULLAGE 

CONTINGENCY 
LITVC, FUEL 
ENGINES & VALVES 

CONTROL OXIDIZER 

WEIGHT 
(LBS) 

STATION 
(FT) 

390.1 
368.7 
359.6 
357.3 
335.7 
31 8 
310.8 

8,200 
13,000 
12,100 
8,900 
3,800 
50,000 
4,000 

298 
297.0 

21 5,398 292.0 

26,833 287.0 
107,699 281 .O 

.646 276.0 
6,132 264.4 
14,122 258.5 

*) 

W e a a 

1 241 

240.0 
1,051,157 229.5 

130,705 220.0 
18,958 219.5 
525,578 209.0 
3.1 53 201 .o 
23,655 180.0 
84.884 170.0 

6l 
W 

2 a 

140 
139.0 

2m9 7 
99.5 
86.7 
64.0 
39.4 

1,758,635 
73,994 
641,729 
100,483 

r 
W 

2 a 



TABLE 8-2 

WEIGHT DISTRIBUTION FOR LCLV/LIFTING BODY PAYLOAD CONFIGURATION A T  MAX q 

WEIGHT 
(LBS) 

COMPONENTS 
STATION 

(FT) 

LIFTING BODY PAY LOAD 
PAY LOAD ADAPTER 

L 2,099 

ASTRlONlCS 
OXIDIZER 
TANKS & SKIRTS, PRESS. SYS, ROLL & ULLAGE 

FUEL 
LITVC 
ENGINES & VALVES 
I NTERSTAG E 

CONTROL 

A C T D  Ink1 I P C  
-0 ,  I , IVI"I"Y 

OXIDIZER 
TANKS & SKIRTS, PRESS. SYS, ROLL & ULLAGE 

CONTINGENCY 
FUEL 
L I TVC 
ENGINES & VALVES 
I NTERSTAGE 

CONTROL 

140 

139.0 ASTR IO N I CS 
TANKS & SKIRTS, PRESS. SYS, ROLL & ULLAGE 

CONTINGENCY 
LITVC, FUEL 
ENGINES & VALVES 

CONTROL OZlDlZER 

94,060 
5,940 

327.3 
302.0 

I 298 

297.0 
21 5,398 292.0 

26,833 287.0 
107,699 281 .O 

646 276.0 
6,132 264.4 

14,122 258.5 

m 
w 

2 
k 

I 2 4 1  

529 240.0 
229.5 

220.0 
219.5 
209.0 
201 .o 
180.0 
170.0 

1,051,157 

130,705 
18,958 

525,578 
3,153 

23,655 
84,884 

ru 
W 
0 a 
k 

99.5 
86.7 
64.0 
39.4 

1,758,635 
73,994 

641,729 
100,483 



NOTE: 
ANGLE OF ATTACK = 5' 

ACA ='0.0661 

1 241' 

ACA 0.008 

I= 

I 

314 85' 1 .A* ACN = 0.0132 

252.7'> ACN = 0.058 

235.45' -+ ACN = 0.0135 

207.8' - ACN 0.0078 

160' + ACN= 0.074 

157' 
TOTAL CN = 0.373 

127 7' ACN 0.01 17 

99.8' - ACN 0.0099 

77' - ACN 0.0016 

FIGURE 8-2 - LCLV BULBOUS PAYLOAD NORMAL AND AXIAL FORCE COEFFICIENTS 



NOTE: 

ANGLE OF ATTACK = 5' 

- 

ACA'O.0661 

I 
235.45' - ACN = 0.0135 

207.8 
201 

-e ACN = 0.0078 
F 

t 241' 

I 
ACA = 0.008 

I 
t 203' 

t 
I 

ACA = 0.050 

ACA = /.i 0.0143 

I 

160' - 
127.7' - 
99.8 - 
77' 

___c 

13.4' 

0' 

- 

0.074 

0.01 17 

0.0099 

0.0016 

0.129 

TOTAL CN = 0.524 

FIGURE 8-3 - LCLV/LIFTING BODY PAYLOAD NORMAL AND AXIAL FORCE COEFFICIENTS 
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3.0 LOAD DETERMINATION 

Using Equations (B-10)  and B-12)  , t h e  weight d i s -  
t r i b u t i o n s  i n  Tables  B-1  and B-2,  and t h e  normal and ax ia l  force 
c o e f f i c i e n t s  a s  c i t e d  i n  Figures  B-1  and B-2 ,  t h e  v e h i c l e  r i g i d  
body loading  cond i t ion  can now be determined. Through t h e  a p p l i -  
c a t i o n  of D'Alembert 's p r i n c i p l e  it i s  p o s s i b l e  t o  reduce t h e  
problem i n  k i n e t i c s  t o  an equ iva len t  problem i n  s t a t i c s  by i n t r o -  
ducing appropr i a t e  i n e r t i a  fo rces .  These i n e r t i a  f o r c e s  f i n d  t h e i r  
i n c e p t i o n  i n  t h e  a c c e l e r a t e d  masses of s t r u c t u r e ,  subsystems, and 
p r o p e l l a n t .  

The axial  and normal load  f a c t o r s  f o r  t h e  bulbous pay- 
load and l i f t i ng -body  payload v e h i c l e  conf igu ra t ions  are d e t e r -  
mined from Equations ( & l o )  and (B-12)  as follows: 

For t h e  bulbous payload/launch v e h i c l e  conf igu ra t ion  
the t h r u s t  v e c t o r  angle  6=0 s i n c e  t h e  CG and CP a r e  co inc iden t .  
Therefore ,  Equations (%lo) and (S12) reduce t o  

and - T-A nx - - w ,  

- N - -  
ny w 

A t  82 seconds a f te r  l i f t o f f  ( m a x  q )  

W = 4,887,082 l b s ,  

T = 13,788,100 l b s ,  

N = (0.3730) (689) (1260)  = 324,000 l b s ,  and 

A = (0.8378) (689) (1260)  = 727,000 l b s .  

S u b s t i t u t i n g  t h e s e  va lues  i n t o  Equations (B-17) and (B-18) 

nx = 2.67  , and 

n = 0 .0664  . 
Y 

For  t h e  l i f t i n g  body/launch v e h i c l e  conf igu ra t ion  t h e  
CG and CP of t h e  t o t a l  veh ic l e  are no t  co inc iden t .  Therefore ,  t h e  
angle  6 must be determined. Summing t h e  moments about t h e  v e h i c l e  
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CG (See F igure  2 )  

T sin6(157-63) - N(201-157) = 0 ,  and 

-1 N 6 = s i n  (0.468F). (B-19)  

A t  82 seconds af ter  l i f t o f f  (max q )  

W = 4,887,082 l b s ,  

T = 13,788,100 l b s ,  

N = (0.5240) (689) ( 1 2 6 0 )  = 455,000 l b s ,  and 

A = (0.8458) (689) ( 1 2 6 0 )  = 734,000 l b s .  

S u b s t i t u t i n g  t h e s e  va lues  i n t o  Equations ( B - 1 9 ) ,  (B-10)  and 
(B-12)  t 

6 = 53.2 ' ,  

= 2 . 6 7  (same as bulbous conf igu ra t ion )  , and 

n = 0.137 ( s i g n i f i c a n t l y  d i f f e r e n t  from bulbous 
nx 

Y conf igu ra t ion  j . 
Mult ipyl ing t h e  veh ic l e  weights ,  as l i s t e d  i n  Tables  B-1  

and B-2 by t h e  normal load  f a c t o r s  n and accounting f o r  t h e  angle  
r e q u i r e d  of t h e  t h r u s t  v e c t o r  t o  main ta in  c o n s t a n t  a t t i t u d e  du r ing  
max q winds, t h e  moment diagrams f o r  i n e r t i a  r e l i e f  loadings  can 
r e a d i l y  be determined. 
launch vehicle/payload conf igu ra t ions  are shown i n  F igures  5 and 
9 i n  t h e  memorandum. 

Y 

I n e r t i a - r e l i e f  moment diagrams f o r  both 

Using Equation (B-13), t h e  aerodynamic normal f o r c e  
d i s t r i b u t i o n s  can a l s o  r e a d i l y  be determined. 
moment diagrams f o r  both launch vehicle/payload c o n f i g u r a t i o n s  
are p l o t t e d  toge the r  wi th  t h e  corresponding i n e r t i a  r e l i e f  mo- 
ments on F igures  5 and 9.  The r e s u l t i n g  c ros s - sec t iona l  launch 
v e h i c l e  moment a t  any s t a t i o n  i s ,  t h e r e f o r e ,  t h e  d i f f e r e n c e  
between t h e  aerodynamic and i n e r t i a - r e l i e f  moments. 

Aerodynamic 

Using t h e  same gene ra l  approach as above, t h e  a x i a l  
aerodynamic and i n e r t i a  loadings are c a l c u l a t e d  and p l o t t e d  
i n  F igu res  6 and 1 0  i n  t h e  memorandum f o r  both launch veh ic l e /  
payload conf igu ra t ions .  However, t h e  r e s u l t i n g  a x i a l  load  a t  
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any launch v e h i c l e  s t a t i o n  is  now the summation of t h e  two  
curves ,  n o t  the d i f f e r e n c e .  

4 . 0  EVALUATION OF CRITICAL LOADING CONDITIONS 

The eva lua t ion  of c r i t i c a l  des ign  loading  cond i t ions  
involves  a combination of a number of parameters:  (1) a x i a l  
load ,  ( 2 )  bending moment, ( 3 )  temperature ,  ( 4 )  fac tor  of s a f e t y ,  
and (5) other i t e m s  such as i n t e r n a l  p re s su re ,  loca l  dynamic 
p res su re ,  etc. I n  many cases it i s  extremely d i f f i c u l t  t o  
p o i n t  t o  t h e  one i t e m  t h a t  d e f i n i t e l y  l a b e l s  a p a r t i c u l a r  condi- 
t i o n  as "cr i t ical" .  The s e l e c t i o n  of t h e  c r i t i c a l  cond i t ion  can 
be made easier by f i r s t  combining some of t h e  above parameters  
i n t o  one parameter t h a t  r ep resen t s  an u l t i m a t e  loading  condi t ion .  
This  may be  done i n  t h e  fol lowing manner: 

(B-20) 

where 

FS = Fac to r  of s a f e t y ,  

p = I n t e r n a l  p r e s s u r e ,  and 

R = S t a t i o n  r ad ius .  

The symbol P r ep resen t s  an equ iva len t  u l t i m a t e  running load 
around t h e  circumference of the launch v e h i c l e  s t r u c t u r e  which, 
when combined w i t h  temperature,  can determine c r i t i ca l  f l i g h t  
cond i t ions .  I n  t h i s  a n a l y s i s ,  app ropr i a t e  va lues  f o r  the  factor 
of s a f e t y ,  i n t e r n a l  p re s su re  and temperature w e r e  n o t  considered 
s i n c e  t h e  r e l a t i v e  e f f e c t  i n  loading f o r  t h e  t w o  LCLV/payload 
conf igu ra t ions  is  requ i r ed  f o r  s c a l i n g  weights and it i s  assumed 
t h a t  the same condi t ions  apply i n  each case.  

eq 

P l o t s  of P loadings f o r  both launch vehicle/payload 
eq 

conf igu ra t ions  a r e  shown i n  F igures  8 and 11 of t h e  memorandum. 
I t  is seen  t h a t  t h e  e f f e c t  of a l i f t i n g  body payload becomes 
more pronounced towards the forward end of t h e  vehicle. T h i s  
e f fec t  r e s u l t s  f r o m  t h e  g r e a t e r  bending moments produced by t h e  
l i f t i n g  body a t  max q. 
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APPENDIX C 

ANALYSIS OF MAXIMUM LONGITUDINAL LOADS 

T h e  m a x i m u m  l o n g i t u d i n a l  launch  load  experienced by t h e  
LCLV occurs  j u s t  be fo re  f i r s t  s t a g e  engine c u t o f f .  The v e h i c l e  
i s  e s s e n t i a l l y  i n  a vacuum a t  t h i s  p o i n t  of t h e  t r a j e c t o r y  and 
t h e r e f o r e  senses  a n e g l i g i b l e  amount of aerodynamic drag.  
s i n c e  t h e  v e h i c l e  i s  undergoing a g r a v i t y  t u r n  wi th  no d i s t u r b -  
ances  from winds, t h e  t h r u s t  v e c t o r  i s  i n  l i n e  wi th  t h e  longi-  
t u d i n a l  axis .  

A l s o ,  

The t h r u s t  t o  weight r a t i o ,  o r  number of a x i a l  g ' s  
experienced by t h e  v e h i c l e  j u s t  be fo re  f i rs t  s t a g e  engine cu to f f  
can be determined from t h e  equat ion.  

where 

Th = t h r u s t  a t  a l t i t u d e  ( l b s ) ,  

TSL = t h r u s t  a t  s e a  l e v e l  = 11,523,150 l b s ,  

= pres su re  a t  sea l e v e l  = 2 , 1 2 0  p s f ,  PSL 
Ae = e x i t  area of f irst  s t a g e  engine = 1 , 2 6 0  f t2 ,  and 

Wh = t o t a l  v e h i c l e  weight a t  f i r s t  s t a g e  engine 
cu tof f  = 2,999,320 l b s .  

S u b s t i t u t i n g  t h e s e  va lues  i n t o  Equation (C-1)  I t h e  t h r u s t  t o  
weight r a t i o  j u s t  before  f i r s t  s t a g e  engine cu to f f  i s  

- Th = 4.73 g ' s  . 
wh 

Knowing t h e  m a x i m u m  a x i a l  g load  experienced dur ing  
f l i g h t ,  t h e  d i s t r i b u t i o n  of maximum l o n g i t u d i n a l  loading can 
r e a d i l y  be determined. 
LCLV is  shown i n  F igu re  7 of  t h e  memorandum. 

A p l o t  of t h i s  d i s t r i b u t i o n  f o r  t h e  
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APPENDIX D 

PAYLOAD PENALTY ANALYSIS 

Nomenclature 

u 3  = mass r a t i o  for  t h i r d  s t a g e b u r n  

= i n i t i a l  g r o s s  weight/burnout g ross  we igh t  = 3.41 

WI = i n e r t  weight of t h i r d  s t a g e  

= forward i n t e r s t a g e  weight (between second and 
wi t h i r d  stage) 

nwi = i n c r e a s e  i n  i n t e r s t a g e  weight = 2 , 6 5 8 1 b s  

Wp = p r o p e l l a n t  weight of t h i r d  s t a g e  

AWp = r educ t ion  i n  t h i r d  s t a g e  p r o p e l l a n t  weight 

= payload weight wPL 

= r educ t ion  i n  payload weight "PL 

A s t r u c t u r a l  we igh t  pena l ty  i s  incu r red  i n  t h e  forward 
i n t e r s t a g e  of t h e  three-s tage  TRW LCLV due t o  launching a l i f t -  
i n g  body payload i n s t e a d  of a bulbous payload. To determine t h e  
e f f e c t  of t h i s  pena l ty  on payload c a p a b i l i t y ,  AV s t a g e  c a p a b i l i -  
t ies  (ve loc i ty  increments)  are assumed t o  remain unchanged. 
Based on t h i s  assumption, t he  payload pena l ty  r e l a t i o n s h i p  can 
be de r ived  from t h e  condi t ions :  

1. the t o t a l  weight of t h e  payload, t h i r d  s t a g e  
and forward i n t e r s t a g e  are c o n s t a n t  ( A V ' s  f o r  
f i r s t  and second s t a g e s  remain unchanged), and 

2. the  t h i r d  s t a g e  mass r a t i o  i s  cons t an t  
( t h i r d  s t a g e  AV remains unchanged). 
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Condi t ion 1 

The t o t a l  weight of t h e  payload, t h i r d  s t a g e  and 
forward i n t e r s t a g e  can be equated a s  

+ W I + WI + Wp + Wi = WpL - AWpL + Wp- AWp +Wi + AWi wPL 

or 

AWi - AWp - AWpL = 0. 

Condit ion 2 

Two equa t ions  can  be w r i t t e n  for  t h e  mass r a t i o  as 

w + w + WPL 

wI + wPL 

- I P - 
p 3  

and 
W + Wp - AWp + WpL - AWpL I 

lJ 3= WI + W - AWpL 
PL 

From Equation (D-2) 

(WI + WPL) P 3  = w I + wp + WPL 

S u b s t i t u t i n g  Equation (D-4) i n t o  ( D - 3 )  

(WI + WpL) p 3  - AWp - AWpL - 
wI + wPL - AwPL lJ3 - 

and 
AWp - - AWpL P 3  - AWpL 
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From Equations (D-5) and (D-1) t h e  payload pena l ty  r e l a t i o n s h i p  
is determined t o  be 

A W 2  
- 1  . 

3 "PL - 1-I 

S u b s t i t u t i n g  t h e  va lues  f o r  AW ana 11 i n t o  Equation (D-6)  

the  associated payload penal ty  i s  
i 3 -  

= 780 l b s  . AwPL 


